acid extract using Dowex-1-formate ion-exchange chromatography. Sephadex chromatography revealed its molecular weight to be 710. Snake venom phosphodiesterase digest of the dinucleoside monophosphate yielded [4C ]5-bromouridine and adenosine 5'-monophosphate. The presence of [4C ]5-bromouracil in bacterial ribonucleic acid indicates that ribonucleic acid, which had incorporated 5-bromouracil, was the probable source of this dinucleoside monophosphate, 5-bromouridylyl-(3' --5')-adenosine.
Filament formation is one adverse cellular response observed when 5-bromouracil (BU) is substituted for thymine in the growth medium of thymine auxotrophs (5, 13, 14) . Jones and Hewitt (12) described filament formation as a bacteriocidal response to 5-BU in Escherichia coli K-12 His-, Thy-. An investigation of nucleotide synthesis as a possible site of BU toxicity revealed the accumulation of an unusual BU-containing nucleotide in the acidsoluble nucleotide pool of BU-induced filaments (R. J. Jones, Ph.D. Thesis, University of Texas, Houston, 1969) . This paper reports the isolation, identification, and possible source of the BU-containing nucleotides. Also described is the incorporation of [14C ]5-BU into bacterial ribonucleic acid (RNA).
MATERIALS AND METHODS
Chemicals and media. Nucleotides, nucleosides, purines, and pyrimidines were obtained from Sigma Chemical Co. 5-BU and [2-"4C]5-BU (specific activity, 24.4 mCi/mM) were obtained from Intemational Chemical and Nuclear Corp. The growth medium for E. coli K-12 His-, Thy-was prepared by supplementing 1 liter of MS-7 salt solution with D-glucose (10 g), L-histidine (100 mg), and thymine (5 mg). The MS-7 salt solution contained: KHSPO4, 1 g; NaCl, 1 g; Na,C.H,07.2H2O, 500 mg; MgSO4.7H20, 700 mg; FeCl, .6H20, 500 Mg; and (NH4)2HPO4, 2 g per liter;
and was adjusted to pH 6.7 with 6 N HCl before autoclaving. pH measurements were made with a Coming pH meter. Extraction of acid-soluble nucleotides. Filamented cells were harvested from 30 liters of BU culture by centrifugation (Sorvall RC2-B centrifuge) and washed with MS-7 salt solution. Cells were extracted with 120 ml of ice cold 0.5 N perchloric acid (PCA) for 50 min. The PCA extract was neutralized with KOH and refrigerated overnight; it was then freed of the precipitated KCl04 and stored at -20 C until used. Also prepared and stored was a PCA extract (20 ml) from "4C-labeled, BU-induced filaments of a replica BU culture (1 liter [1,4- bis-2(4-methyl-5-phenyloxazoly)-benzene, 0.5 g; 2,5-diphenyloxazole, 5 g; toluene, 1 liter; and Triton X-100, 500 ml] and analyzed for "4C radioactivity in a Packard scintillation counter. The identity of certain nucleotides, in pooled fraction representing individual peaks, was made by using paper chromatography. Paper chromatography involved applying samples on Whatman no. 1 filter paper and development in a descending manner in several solvent systems (see Table 1 ).
Extraction of RNA. An RNA lysate of BU-induced filaments was prepared by the freeze-thaw lysozyme method (15) . Three 3-liter cultures of BU-induced filaments were divided into 250-ml volumes and mixed with an equal volume of crushed ice before centrifuging at 7,000 rpm for 10 min. Harvested cells, from each 3-liter culture, were resuspended in 10 ml of cold 0.015 M magnesium acetate buffer (adjusted to pH 7.7 with HCl) which contained 10 mg of lysozyme (Nutritional Biochemicals Corp.). Cell suspensions were frozen (using dry ice plus acetone) and thawed twice before mixing with 1.5 ml of 10% sodium deoxycholate for 3 min at 0 C. Deoxyribonucleic acid and cell debris were removed by centrifugation at 16,000 rpm for 10 min. The supematant, containing the RNA, was mixed with an equal volume of watersaturated phenol for 15 min at 5 C before centrifuging at 5,000 rpm for 10 min. This phenol extraction step was repeated twice for 5 min each time. In a similar manner, a phenol extract of "C-labeled RNA (67,200 counts/min) was prepared from a 500-ml culture of BU-induced filaments in which ["4C15-BU (25 MCi) had been added to the medium. The upper aqueous phase from each extraction was removed, pooled, and mixed with 1 vol of ice-cold 95% ethanol. This mixture was held for 5 h in a freezer before the precipitate was pelleted by centrifugation (16,000 rpm). The (28 mg of RNA and 42,600 counts/min of 14C radioactivity) was mixed with 280 gg of bovine pancreas ribonuclease type II A (Sigma Chemical Co). Hydrolyses of the RNA were carried out at 37 C for 18 hr in 0.1 M SSC solution, pH 7.6. The pH was maintained by periodic additions of 1 M KOH. The final hydrolysate was diluted fivefold with distilled water and adjusted to pH 8.6 prior to column chromatography or storage at 4 C.
Diethylaminoethyl-cellulose chromatography. Diethylaminoethyl-cellulose (230 to 325 mesh) was prepared as described by Randerath and Randerath (15) Stepwise elution using varying concentrations, 0.1 M through 0.7 M, of NH4HCO, buffer (pH 8.6) was employed to fractionate the mono-and dinucleotides (19) at 25 C. Each 10-ml fraction, collected at a flow rate of 30 mL/h, was monitored for absorbancy at 260 nm and "IC radioactivity.
RESULTS
Isolation of ["4C BU-labeled nucleotides. The pooled PCA extracts from "C-labeled and -unlabeled BU-induced filaments were fractionated by Dowex-1-formate chromatography. This PCA extract contained 1,428 totals absorbancy units and 152,880 counts/min of total 14C radioactivity. The nucleotide pool components, including four "4C-labeled nucleotides, were fractionated by using the gradient elution systems of formic acid and ammonium formate. Figure 1 illustrates the positions of elution of the four "4C-labeled nucleotides. The "C-labeled nucleotide yielding peak B (fractions 27 through 34) was identified as 5-bromouridylic acid. The "C-labeled nucleotides yielding peaks C (fractions 58 through 72) and D (fractions 80 through 91) were thought to be the di-and triphosphate of 5-bromodeoxyuridine, respectively. Failure to verify the identity of these nucleotides was due to the unavailability of authentic nucleotides of BU. The "4C-labeled nucleotide yielding peak A (fractions 3 through 7), which was not readily identified, was investigated further. This nucleotide comprised 19% (18, 590 counts/min of the total "4C-labeled nucleotides (107, 460 counts/min) eluted.
The content of fractions 4, 5, 6, and 7 were pooled and evaporated to dryness with a Rotovapor flash evaporator before resuspending in one-tenth of its original volume with distilled water. This mixture (3 ml), containing cytodine 5 '-monophosphate, nictinamide adenine dinucleotide, and "4C-labeled nucleotide (13, 950 counts/min), was adjusted to pH 7.0 and applied to a new Dowex-1-formate column and rechromatographed by stepwise elution with 0.01 M, 0.02 M, and 0.05 M formic acid. The "C-labeled nucleotide (8, 760 counts/min) was eluted as a single component with 0.02 M formic acid.
Identification of the "4C-labeled nucleotide. The presence of 5-BU was confirmed by performing the chemical test for halogens (18) orcinal test (15) and a negative diphenylamine test (4) revealed the presence of ribose sugar in the "C-labeled nucleotide.
Acid hydrolysis with 88% formic acid for 50 min at 170 C of the "C-labeled nucleotide yielded two UV-absorbing components, detected by paper chromatography, which had values of authentic 5-BU and adenine (Fig. 2C ). Enzymatic degradation, using snake venom phosphodiesterase (Sigma Chemical Co.), of the "IC-labeled nucleotide yielded two UV-absorbing components detected by paper chromatography (Fig. 2D) . The R, values of these two compounds were similar to that of authentic 5-bromouridine and adenosine 5'-monophosphate. 14C radioactivity was associated with the UV spot that corresponded to 5-bromouridine. Table 1 shows the R, values obtained for acid-hydrolytic and enzymatic products of the BU-containing nucleotide when paper chromatography, using three separate solvent systems, was performed.
The "C-labeled nucleotide was chromatographed on Sephadex G-15 to determine its molecular weight. The procedures described by Zadrizil (22) were used. Flavine adenine dinucleotide, molecular weight 830, and nicotinamide adenine dinucleotide, molecular weight 663, were used as markers of known molecular weight. g)-0.1 M phosphate, pH 6.8 (100 ml)-n-propanol (2 ml). ' Formic acid hydrolytic products detected as UV spots.
c Snake venom phosphodiesterase products detected as UV spots.
710. A molecule containing adenine, 5-BU, two ribose units, and a phosphate would total 710 daltons.
On the basis of the results obtained from chemically identifying the enzymatic and acidhydrolytic product and the molecular weight analysis of the "C-labeled nucleotide, it was concluded that this "4C-labeled compound was a dinucleoside monophosphate. The enzymatic products being 5-bromouridine and adenosine 5'-monophosphate is evidence that the phosphate of the intact molecule was attached to both bromouridine (3-hydroxyl carbon) and adenosine (5-hydroxyl carbon). It was therefore named 5-bromouridylyl-(3' _ 5')-adenosine.
Source of the dinucleoside monophosphate. The presence of ribose units of 5-bromouridylyl-(3' -b 5')-adenosine suggested BU involvement in RNA metabolism and was probably derived from RNA. RNA was extracted from "4C-labeled, BU-induced filaments and partially degraded with bovine pancreas ribonuclease A, as described previously. This enzymatic digest was chromatographed on diethylaminoethyl-cellulose to permit the selective isolation of dinucleotide fragments. Figure 4 reveals the elution of mononucleotides, in fractions 20 through 120, and dinucleotides, in fractions 121 through 320. 14C radioactivity (7,500 counts/min) recovered in fractions 240 through 260 was 21% of the total 14C radioactivity (35,000 counts/min) present in the enzymatic digest prior to applying to the diethylaminoethyl-cellulose column. The contents of fractions 240 through 260 (which total 200 ml) were pooled, evaporated to dryness by flash evaporation, and resuspended in 5 ml of distilled water. Paper chromatography of this dinucleotide preparation revealed two UV-absorbing spots, one of which contained 14C radioactivity (Fig. 5B) . Portions of the dinucleo- tide preparation were subjected to acid hydrolysis and alkaline phosphatase hydrolysis, as described previously. Figure 5C shows the four UV-absorbing spots (adenine, cytosine, guanine, and [14C]BU) detected by paper chromatography of the acid-hydrolytic products (see also Table 1 ). Figure 5D shows the two alkaline phosphatase products.
The Rt value of the alkaline phosphatase product containing '4C radioactivity corresponded to that of previously identified 5-bromouridylyl-(3' -_ 5')-adenosine. This is evidence that 5-bromouridylyl-(3' 
DISCUSSION
Starving cells for histidine prior to BU incubation for 180 min produced a culture whose cells were uniformly filamented. Starving cells for a required amino acid is known to cause a severe reduction in the levels of certain nucleotide pool components (8) . Such changes in nucleotide levels did not contribute directly to filament formation, but histidine starvation primed all cells to maximize BU toxicity, i.e., BU induction of bacterial filaments within 180 min. This cultural procedure probably contributed to increased accumulation of the BU- (16) . In this report (16) no mention of the source or biological significance of this naturally occurring dinucleoside monophosphate was made. In this paper the investigators proposed that 5-bromouridylyl (3' -t 5')-adenosine was derived from RNA. The role of 5-bromouridylyl-(3' -. 5')-adenosine in the induction of bacterial filament is thought to be minimal if at all. The time of its occurrence after visible appearance of bacterial filament is probably coincidental. Since the BU-induced filament exhibits abnormal cellular activities, it is an unsuitable system in which the biological significance of this dinucleoside monophosphate can be assessed.
